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The ﬂow properties in steady-shear and dynamic domain are investigated to model the rheological properties of bitumen. The concept
of rheogram is used to produce a temperature independent master curve, which is modeled using a simple Carreau–Yasuda (C–Y) equa-
tion. It is found that the variation of zero shear viscosity (ZSV) with temperature can be modeled using a simple power law equation. The
results showed that the traditional equiviscous method, using a Brookﬁeld viscometer is inappropriate for predicting the mixing and
compaction temperatures for bitumen. The applicability of the Cox–Merz rule is found to be valid in the ZSV region. The C–Y equation
gave an excellent ﬁt for modeling the variation of complex viscosity/modulus with frequency. Higher dependence of modiﬁed bitumen to
shear rate indicated that, modiﬁed binders can be mixed even at lower temperatures as compared to conventional binders. Accurate
determination of ZSV is found to be crucial for successive application of the proposed mathematical model. The modeling technique
is also extended for phase angle master curves, using the rheological relationship between loss and complex modulus. Phase angle master
curves are found to be more sensitive to the type and chemistry of bitumen.
 2016 Chinese Society of Pavement Engineering. Production and hosting by Elsevier B.V. This is an open access article under the CCBY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Rheology is the study of ﬂow of matter, in a liquid or
soft-solid, which are both time and temperature dependent.
Over the last ﬁve decades much research has been done in
studying the various rheological aspects of bitumen and
asphalt [1–7]. Bitumen is a complex hydrocarbon which is
traditionally regarded as a colloidal system consisting of
high molecular weight asphaltenes dispersed in a lower
molecular weight maltenes. The C–H bond are mainly
arranged in branched, cyclic or aromatic fashion and the
variation of these molecules and structural arrangementhttp://dx.doi.org/10.1016/j.ijprt.2016.01.005
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Peer review under responsibility of Chinese Society of Pavement
Engineering.imparts intrinsic mechanical properties to the respective
binder. The viscoelastic characteristic of bitumen can be
determined either by transient or oscillatory type of testing.
Oscillatory testing, using dynamic shear rheometer (DSR)
is currently recommended, as it is less time consuming
and can be successfully used to determine the elastic, vis-
cous and viscoelastic properties of bitumen [2].
Predictive models and equations are excellent tools for
quantifying the mechanical/rheological properties of any
material. It is time saving, less laborious and does not
require any skilled operators. Since 1950s researchers have
tried to predict the linear viscoelastic characteristics of
bitumen using nonlinear multivariable models, also known
as nomographs. These nomographs were later replaced by
empirical equations and the use of mechanical elements
(spring and dashpot), for modeling the linear rheological
properties. These techniques were mainly used for predict-
ing the variation of complex modulus and phase angle mas-
ter curves, at any desired reference temperature. Yusoﬀhosting by Elsevier B.V.
ommons.org/licenses/by-nc-nd/4.0/).
Table 2
Result of Brookﬁeld viscometer test.
Temperature (C) Brookﬁeld viscosity (Pa s)
VG 10 VG 30 PMB (S) PMB (E)
135 6.5E01 7.7E01 9.9E01 1.7E+00
165 1.1E01 1.5E01 2.9E01 5.7E01
Table 3
Mixing and compaction temperatures for diﬀerent bitumen.
Binder Mixing temperature (C) Compaction temperature (C)
VG 10 154 145
VG 30 160 150
PMB (S) 170 160
PMB (E) 190 178
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oped over the past years. Most of the algebraic models con-
sist of large number of model parameters which are
empirical and does not have any physical signiﬁcance. A
more simple model is hence desired which can be directly
related to the ﬂow properties of the binder.
1.1. Time temperature superposition principle (TTSP)
Time temperature superposition principle (TTSP) is a
competent tool for describing the viscoelastic behavior of
linear polymers over a broad range of time and frequency,
by shifting data obtained at several temperatures to a com-
mon reference temperature [9,10]. By obtaining data at sev-
eral temperatures for a measurable range of frequency, a
master curve could be plotted at a single reference temper-
ature which could cover many decades of frequency/time.
A material to which this technique is applicable is said to
be thermorheologically simple [3]. The TTSP can be
applied to all materials that undergo a transition, such as
the glass transition, as well as to heterogeneous materials,
provided the disperse phase undergoes no structural
change in the transition zone [11].
Temperature dependent shift factors are used for the
magnitude of stresses (vertical shift) and time/frequency
(horizontal shift) on log-log plots of material functions,
like complex modulus, phase angle and creep compliance.
The temperature dependent, vertical shift factor, bT , multi-
plies a stress, determined at temperature T to yield a ‘‘re-
duced stress”. This value of reduced stress corresponds to
the value at the reference temperature chosen. Similarly,
the horizontal shift factor, aT , divides a time or multiplies
a frequency (x) to yield a ‘‘reduced frequency/time scale”
(xaT or t=aT ). This principle can be mathematically written
as
bTEðxaT ; T Þ ¼ Eðx; T 0Þ ð1Þ1.2. Concept of rheogram
Shenoy [12] proposed a method of unifying the viscosity
versus shear rate data at various temperature for a number
of asphalt grades. The concept of rheogram was presented,
which included the construction of temperature indepen-
dent master curve. The master curve is a plot of g=g0 versusTable 1
Conventional properties of binders used in the study.
Binders Penetration
(dmm)
Softening
point (C)
Penetration
index
Viscosity @
60 C (Pa s)
VG 10 75 47 1.01 258
VG 30 62 49 0.95 375
PMB
(S)
56 60 1.31 2120
PMB
(E)
49 65 1.92 6120
a Performance Grade.g0  _c. g and g0 represents viscosity and zero shear viscosity
(ZSV) of the polymer, while _c is the rate of shear. Melt ﬂow
index (MFI) has also been used in lieu of g0 for such con-
struction. Using this concept, the viscosity of any binder
can be evaluated corresponding to any desired shear rate,
provided the ZSV at diﬀerent temperature is known. This
can be a more fundamental approach instead of using the
normal shifting procedure, as it uses the intrinsic binder
property, i.e. the ZSV for the creation of single curve which
is independent of temperature. This single curve can fur-
ther be ﬁtted using a mathematical equation for modeling
the rheological property of bitumen. Such procedure can
also help in discarding too many model parameters, mak-
ing the equation practically sound.1.3. Modeling viscosity
Shear rate dependency of non-Newtonian (shear thin-
ning) ﬂuid can be evaluated using various models [4,13].
Carreau–Yasuda (C–Y) model, however has been found
to be successfully applicable to polymers such as bitumen.
The model can be mathematically written as
g g1
g0  g1
¼ ½1þ ðk _cÞaðn1Þ=a ð2Þ
where g is the viscosity of the ﬂuid, g0 and g1 are the zero
and inﬁnite shear viscosity, _c is the shear rate; k, n and a areStorage stability,
DSoft. Point (C)
High temperature
PGa grade
True grade, intermediate
temperature (C)
– PG 58- XX 25.3
– PG 64-XX 20.1
1.5 PG 70-XX 15.7
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Fig. 1. Variation of zero shear viscosity (ZSV) with temperature.
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the viscosity starts to decrease.1.4. Cox–Merz principle
The study of asphalt binder in dynamic and steady-state
state is usually done separately. Researchers found that the
association between these two states stands important for
arriving at the rheological curves and mathematical interre-
lationships [14]. Cox–Merz relationship is one such tool
which connects the dynamic and steady-state properties.
Cox–Merz relationship is an empirical relationship relating
dynamic and steady-state viscosities applicable mainly to
polymer melts. Cox and Merz [15] were the ﬁrst researchers
who observed that, the steady-state viscosity at some shear
rate ( _c) can be successfully related to the dynamic complex
viscosity as follows
jgðxÞj ¼ gð _cÞ ð3Þ
jgðxÞj is the absolute value of complex viscosity at a fre-
quency x equal to the shear rate _c. As an empirical rela-
tionship, its applicability as a general rule stands
debatable [14,16,17]. Shan et al. [14] found that Cox–Merz
relationship for bitumen is applicable in the shear-thinning
region and is not always true in the zero-shear-rate-limiting
viscosity region. Modiﬁcations and changes to the principlehave also be done to relate the dynamic and steady state
relationships.2. Materials
The study was conducted using four diﬀerent binders.
VG10 and VG 30 were the viscosity graded binder. Two
diﬀerent polymers, viz. Styrene Butadiene Styrene (SBS)
and Ethylene Vinyl Acetate (EVA) were used to modify
VG 10, at various percents of modiﬁcation level. In a diﬀer-
ent study conducted by the authors [18], it was found that a
cross-linked blend is obtained using 3% SBS and 5% EVA.
Higher percentages yielded binders which were susceptible
to phase separation, while use of lower percentages did not
fully optimize the properties of the base binder, which
resulted in an uneconomical blend. So, for comparison
only 3% SBS and 5% EVA were considered in the study.
The conventional properties along with the true intermedi-
ate grade temperature and high temperature grade PG
speciﬁcation for these binders can be seen in Table 1. In
this paper the polymer modiﬁed bitumen will be repre-
sented as PMB (E) and PMB (S) indicating modiﬁcation
with EVA and SBS.
The authors also studied the optimum blending require-
ments for both the polymers. Following the study, PMB (S)
was modiﬁed at a temperature of 180 C using a high shear
mixture operated at 1500 rpm for 60 minutes. PMB (E) on
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Fig. 2. Complex viscosity master curves for diﬀerent binders.
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600 rpm for 30 min.
3. Experimental
To characterize the ﬂow behavior of bitumen rheologi-
cally, the following experiments were conducted.
(1) Brookﬁeld Viscometry (135 and 165 C, at 20 rpm)
(2) Dynamic shear rheometer (DSR)Steady shear test: shear Rate from 0 to 100 s1
Frequency sweep test: frequency from 0.1 to 20 Hz
Test Temperature: 10, 20, 30, 40, 50, 60 and 70 C.
Spindle speciﬁcation: 2 mm dia. and 1 mm gap for
10–40 C.
8 mm dia. and 2 mm gap for 50–70 C.
4. Results and analysis
4.1. Modeling zero shear viscosity (ZSV)
Brookﬁeld viscometer was used to measure the viscosi-
ties at the two mentioned temperatures. Traditionally, the
Brookﬁeld viscometer for bitumen is used mainly for the
determination of mixing and compaction temperature of
bituminous mixes. The test is carried out at 20 rpm
(6.8 s1) using a spindle geometry such that the torquepercentage remains in the range of 5–100%. A similar pro-
cedure was adopted in the study. The values of the viscosi-
ties obtained for all the binders are shown in Table 2 below,
with the corresponding mixing and compaction tempera-
tures in Table 3. The mixing and compaction temperatures
were obtained by plotting the viscosity values in the log-log
scale whereas the temperature on the log scale assuming a
straight line relationship. India follows the equiviscous
concept, in which the mixing and compaction temperatures
are deﬁned corresponding to the viscosities of 0.17 ± 0.02
and 0.28 ± 0.03 Pa s. As can be seen in the Table 3, the
mixing and compaction temperatures for modiﬁed bitumen
are considerably higher as compared to the conventional
binders.
The use of the viscosity values from the Brookﬁeld vis-
cometer for predicting the mixing and compaction temper-
atures has been long debated owing to the shear thinning
behavior, typical for modiﬁed bitumen. The actual value
of shear rate at the mixing plant is of a higher order [19],
which might have a high inﬂuence on the viscosity values.
To study the inﬂuence of shear rate, steady shear viscosity
test was carried out using DSR. In the oscillation mode,
frequency sweep is usually done for a strain level which is
well below the linear viscoelastic (LVE) range of the bin-
der. But in the steady shear rate method no such control
is monitored and the binder undergoes deformation until
failure. So the data prior to failure should only be used
1.E+00
1.E+01
1.E+02
1.E+03
1.E+04
1.E+05
1.E+06
1.E+07
1.E+00 1.E+02 1.E+04 1.E+06 1.E+08
C
om
pl
ex
 M
o
du
lu
s, 
Pa
Reduced Frequency, . 0
VG 10
1.E+00
1.E+01
1.E+02
1.E+03
1.E+04
1.E+05
1.E+06
1.E+07
1.E+08
1.E+00 1.E+02 1.E+04 1.E+06 1.E+08
C
om
pl
ex
 M
o
du
lu
s, 
Pa
Reduced Frequency, . 0
VG 30
1.E+01
1.E+02
1.E+03
1.E+04
1.E+05
1.E+06
1.E+07
1.E+08
8.E+00 8.E+03 8.E+06 8.E+09
C
om
pl
ex
 M
o
du
lu
s, 
Pa
Reduced Frequency, . 0
PMB (S)
1.E+02
1.E+03
1.E+04
1.E+05
1.E+06
1.E+07
50 50000 50000000 5E+10
C
om
pl
ex
 M
o
du
lu
s, 
Pa
Reduced Frequency, . 0
PMB (E)
Fig. 3. Complex modulus master curves.
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Fig. 4. C–Y model ﬁt for complex viscosity master curves.
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Table 4
Carreau–Yasuda model parameters for diﬀerent bitumen.
Binder Carreau–Yasuda
k n g0 g1 a 1/k
VG 10 0.000007 0.55 1.00 0 0.45 142857.1
VG 30 0.000007 0.52 1.00 0 0.45 142857.1
PMB (S) 0.00003 0.49 1.00 0 0.32 33333.33
PMB (E) 0.00008 0.41 1.00 0 0.21 12500
Table 5
Shear rate dependence at 160 C for diﬀerent bitumen.
Shear rate (s1) Viscosity (Pa s)
VG 10 VG 30 PMB (S) PMB (E)
50 0.124 0.126 0.210 0.370
100 0.124 0.126 0.204 0.335
500 0.122 0.122 0.186 0.255
1000 0.120 0.119 0.176 0.222
10000 0.112 0.113 0.134 0.126
50000 0.101 0.101 0.100 0.077
100000 0.094 0.094 0.085 0.061
68 N. Saboo, P. Kumar / International Journal of Pavement Research and Technology 9 (2016) 63–72for comparison with that in the oscillatory mode. The devi-
ation from linearity in the stress versus shear rate graph is
an indication of the failure of the specimen. Moreover, the
same sample can be used in oscillation test for obtaining
data at diﬀerent temperatures. But in steady state mode,
a single run on the sample damages it and hence the sample
should be changed for the next test temperature. If the
sample is not changed, the viscosity value obtained using
the same sample in the next successive temperature will
be lower than the true viscosity, obtainable with the chan-
ged binder. The viscosity versus shear rate at each temper-
ature was modeled using Carreau–Yasuda equation and
the value of ZSV was obtained. It was found that the vari-
ation of ZSV with temperature follows power law behavior
for all the binders. The power law can be written in the fol-
lowing form
ZSV ¼ A  _cB ð4Þ
where, ZSV stands for zero shear viscosity while _c is the
shear rate. A and B are model constants and are binder spe-
ciﬁc. Fig. 1 shows the model ﬁt obtained for all the four
binders. This model was also used to predict the viscosities
at 135 C and 165 C. A comparison of the viscosity values
so obtained was made with the corresponding values
obtained in Section 1. The power law gave excellent ﬁt
for all the binders. It was found that the predicted viscosi-
ties were in good agreement with the modeled viscosity as
can be seen in Fig. 1. This ﬁnding led to the conclusion that
the viscosity values obtained using the Brookﬁeld viscome-
ter is corresponding to the shear rate which remains below
the critical shear rate, and is a representation of the ZSV.1.E+00
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Fig. 5. Loss modulus master curv6.8 s1 is a very low shear rate for representing the true vis-
cosity at the time of mixing.4.2. Modeling complex viscosity/modulus master curves
Frequency sweep test was carried from 0.1 to 20 Hz
from 10 to 70 C, with temperature increment of 10 C.
The concept of rheogram as discussed in Section 1.2 was
used and master curves, independent of temperature, for
all the binders were potted using the ZSV as obtained in
the steady shear test. This was a form of validation of
the relationship between the dynamic and the steady-state
platform. If a smooth master curve could be produced, it
would imply the applicability of Cox–Merz rule at least
in the zero-shear domain. The rheogram for all the binders
at all the three reference temperatures are shown in Fig. 2.
It was found that an excellent ﬁt was obtained using the
ZSV from the steady state as a shift factor for plotting
the master curves. This led to the conclusion that Cox–
Merz principle holds true for asphalt binders in the zero
shear region and ZSV from steady state test can be success-
fully used as shift factors for the construction of master
curves in dynamic domain.
Similarly, complex modulus master curves using the
same concept were plotted using the relationship
jgj ¼ jGj=x ð5Þ1.E+00
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Fig. 6. Phase angle master curves ﬁtted with the suggested model.
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the binders. Similar to complex viscosity, smooth master
curves for complex modulus were also obtained. It has to
be mentioned that these master curves are independent of
temperature, and the strength of a particular binder could
be obtained at any desired frequency and temperature, pro-
vided the ZSV is accurately known.
Following the concept of rheogram and the Carreau–
Yasuda equation, the following equation was ﬁtted for
all the binders.
jgj ¼ g0 1þ k  xredð Þa
h i n1að Þ ð6Þ
jGj ¼ xred  G0 1þ k  xredð Þa
h i n1að Þ ð7Þ
The Star (*) notation implies the parameter pertaining to
the oscillation mode. The physical signiﬁcance of the
parameters remains the same as described in Section 1.3.
It can be seen from Fig. 4 that very successfully the
equation can be used to model the variation of reduced
complex viscosity versus the reduced frequency. This plot
can be of great use in determining the viscosity correspond-
ing to any shear rate (frequency) provided the ZSV is
known at the desired temperature. The values of model
parameters are presented below in Table 4. It can be seen
that the critical shear rate (1/k*) for modiﬁed binders aremuch lower than that for conventional binders. This is an
indication of greater shear thinning behavior and hence,
higher dependence of viscosity on shear rate. Table 5 shows
the variation of viscosity with shear rate for all the binders
at a temperature of 160 C. It can be seen that for conven-
tional binders the percentage change in viscosity is only
about 25% when the shear rate varies from 50 s1 to
100000 s1. The corresponding change in PMB (S) and
PMB (E) is 59% and 83%. Hence, shear rate deﬁnitely plays
a crucial role in inﬂuencing the ﬂow behavior of binder
even at higher temperatures. The table also depicts that
at higher shears rates of the order of 105 s1, the viscosities
of modiﬁed binders are even lower than the conventional
binders. Hence, even lower mixing and compaction temper-
atures could be obtained as compared to the conventional
binders. The authors also feel that the eﬀect of shear rate is
higher at the time of mixing rather thanduring compaction.
During compaction the vertical load of the roller is the pri-
mary parameter inﬂuencing the compaction. So, though
the mixing temperature of modiﬁed binders will be lower
than the conventional binders, the compaction temperature
might remain same or be slightly higher, owing to a lesser
eﬀect of shear rate at the time of compaction.
Similar ﬁt was obtained for complex modulus master
curves using the equation above. The plots are not shown
for brevity. Hence C–Y model proves to be an excellent
tool for modeling the rheological properties of both
1.E+00
1.E+01
1.E+02
1.E+03
1.E+04
1.E+05
1.E+06
1.E+07
1.E+08
30 50 70 90
C
om
pl
ex
 M
o
du
lu
s, 
Pa
Phase Angle, degrees (°)
Black Diagram, VG 10
1.E+00
1.E+01
1.E+02
1.E+03
1.E+04
1.E+05
1.E+06
1.E+07
1.E+08
30 50 70 90
C
om
pl
ex
 M
o
du
lu
s, 
Pa
Phase Angle, degrees (°)
Black Diagram, VG 30
1.E+00
1.E+01
1.E+02
1.E+03
1.E+04
1.E+05
1.E+06
1.E+07
1.E+08
30 50 70 90
C
om
pl
ex
 M
o
du
lu
s, 
Pa
Phase Angle, degrees (°)
Black Diagram, PMB (S)
1.E+00
1.E+01
1.E+02
1.E+03
1.E+04
1.E+05
1.E+06
1.E+07
1.E+08
30 50 70
C
om
pl
ex
 M
o
du
lu
s, 
Pa
Phase Angle, degrees (°)
Black Diagram, PMB (E)
Fig. 7. Black diagrams for all the binders.
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accuracy. This simple equation is more fundamental as it
delineates the use of a greater number of model parame-
ters, which has no signiﬁcance to material characteristics.
The critical frequency turns out to be an important param-
eter describing the intrinsic change in ﬂow behavior of dif-
ferent binders. The equation is sensitive to only one
parameter, i.e. the ZSV of the bitumen at diﬀerent temper-
ature. If the ZSV of the binder is determined accurately, the
above model will give satisfactory results.4.3. Modeling phase angle master curves
The above mentioned procedure of using C–Y equation
for modeling the dynamic viscosity and complex modulus
master curves (rheogram) can also be applied to phase
angle master curves. The interrelationship between com-
plex modulus and phase angle can be mathematically writ-
ten as
jGj ¼ jG00j sin d ð8Þ
where, G;G00 and d are the complex modulus, loss modulus
and phase angle of the binder.
As G is modeled using Eq. (7), it can be assumed that
G00 can also be modeled using a similar form of equation
with changed model parameters. As an example, tempera-
ture independent G00 master curves for PMB (S) and VG 30is shown in Fig. 5. The master curves were also ﬁtted with a
similar form of equation as used for G. It was found that
the model gave an excellent ﬁt for all the binders (Fig. 5). It
was also found that the G00 master curve could be modeled
using the same equation as that used for G just by varying
the parameter ‘n’. There is no need to change any other
model parameters. This result was found to be consistent
for all the binders. So, the equation for modeling G00 master
curves can be written as
jG00j ¼ xred  G000 1þ k  xredð Þa
h i n1að Þ ð9Þ
where n is applicable to G00 master curve, all the other
parameters remain same as used in Eq. (7).
Dividing Eq. (7) by Eq. (9) and using Eq. (8) we get
sin d ¼ 1þ k  xredð Þa
h i nnað Þ ð10Þ
d ¼ sin1 1þ k  xredð Þa
h i nnað Þ ð11Þ
Eq. (11) was used to model the phase angle rheogram.
First, the phase angle master curves were plotted and then
was ﬁtted with the above equation to check its validity. It
was found that smooth phase angle master curves could
not be obtained for PMB (E), as can be seen in Fig. 6. This
is attributed to the presence of crystallites in PMB (E)
which induces the inapplicability of TTSP for these
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modiﬁed binders. This breakdown of TTSP can also be
appreciated through black diagrams, which is a plot of
complex modulus versus phase angle. Such plot delineates
the use of frequency or temperature, which allows all the
dynamic data to be presented in one plot without the need
to perform TTSP manipulations of the raw data [20]. A
smooth curve indicates the applicability of TTSP for any
polymer. Fig. 7 clearly explains the deviations observed
for phase angle master curve of PMB (E). For all the other
binders smooth master curves were obtained and the above
mentioned model gave an excellent ﬁt. It is worth mention-
ing that phase angle is more sensitive to the type and chem-
ical nature of the binder. Such sensitivity is not displayed in
complex modulus master curves, which was the reason that
smooth master curves were obtained even for PMB (E).
5. Conclusions
The study presents the analysis of ﬂow properties of
unmodiﬁed and modiﬁed binders using steady-shear and
oscillatory testing. The validation of Cox–Merz principle
and its application in the modeling of rheological proper-
ties of bitumen using the concept of rheogram are
attempted and discussed. A new method for assessing the
viscosity of binder corresponding to any shear rate is pre-
sented, which can also be used as a tool for predicting
the mixing temperatures for asphalt mixtures. A simpliﬁed
mathematical model for complex modulus and phase angle
master curves has also been suggested. The following con-
clusions can be drawn from the study conducted
(1) The viscosity obtained using Brookﬁeld viscometer
stays in the zero shear viscosity (ZSV) range and
might be misleading in calculating the mixing and
compaction temperatures for modiﬁed bitumen. The
steady shear viscosity test was used to obtain the zero
shear viscosity values at diﬀerent temperatures using
Carreau–Yasuda model. It was found that the varia-
tion of ZSV with temperature can be modeled using a
simple power law. The ZSV at 130 and 160 C were in
good alignment with the viscosity obtained using
Brookﬁeld viscometer.
(2) It was found that Cox–Merz rule can be successfully
applied in the zero shear viscosity domain. Using the
concept of rheogram, complex viscosity master
curves were plotted for all the binders for the data
obtained in frequency sweep test conducted using
dynamic shear rheometer. The shift factor employed
was the ZSV from steady state experiments. Smooth
master curves, independent of temperature were
obtained for all the binders.
(3) Master curves of complex viscosity were converted to
complex modulus master curves. Carreau –Yasuda
(C–Y) equation was used to model the complex vis-
cosity master curve. Excellent ﬁt was obtained for
all the binders. The critical shear rate was lower formodiﬁed binders, which indicated a higher depen-
dence of modiﬁed binders on shear rate. The same
equation can also be used to ﬁnd the mixing and com-
paction temperature of diﬀerent binders at the practi-
cal shear rates. At a very high shear rate of the order
of 105 s1, the viscosity of modiﬁed binders was
found to be lower than the conventional binder.
(4) The simple C–Y model was found to be successfully
applicable in modeling the rheological properties of
both conventional and modiﬁed bitumen. The model
however is sensitive to the determination of ZSV val-
ues. So, accurate determination of ZSV is recom-
mended to gain more conﬁdence in using the
equation.
(5) The C–Y equation for modeling complex modulus
was modiﬁed for phase angle rheograms. An excellent
ﬁt using the suggested model was obtained. TTSP
principle breakdown for PMB (E) resulted in wavy
nature of phase angle master curves. Phase angle
was found to be sensitive to the type and chemical
nature of bitumen. Such sensitivity and the TTSP
breakdown cannot be witnessed using complex mod-
ulus master curves.
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